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Abstract 
Vacuum tubular receiver is the core component of parabolic trough solar collectors (PTCs). To enhance the heat transfer rate 
from solar radiation to heat transfer fluid (HTF), one of the effective techniques is to improve the convective heat transfer inside 
the inner tube. In this study, we focus the heat transfer of the HTF side. A numerical simulation on the fully developed turbulent 
flow and heat transfer in the inner tube with and without helical fins, protrusions and dimples has been investigated. The results 
show that the receiver tubes with dimples have superior performance of heat transfer augmentation compared with that with 
protrusions or helical fins. Then, the effects of the geometry sizes and arrangements of dimples on the convective heat transfer 
performance are further studied. The performance evaluation plot of heat transfer enhancement techniques show that dimples 
with deeper depth, narrower pitch and more numbers in the circumference direction is benefit for improving the performance of 
heat transfer enhancement while the varied arrangements have no obvious influence. 
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Nomenclature 
cp Specific heat capacity [J/(Kg·K)] 
Di Inner diameter [m] 
Do Outer diameter [m] 
f Friction factor for enhanced tube 
f0 Experimental correlation of friction factor for smooth tube 
fs Numerical friction factor for smooth tube 
Nu Nusselt number for enhanced tube 
Nu0 Experimental correlation of Nusselt number for smooth tube 
Nus Numerical Nusselt number for smooth tube 
p Static pressure [Pa] 
Pr Prandtl number 
qi Heat flux [W/m2] 
Re Reynolds number 
T Temperature [K] 
Tw Area-weighted average temperature of inner wall [K] 
Tf Mass-weighted average temperature of fluid on cross section [K] 
u X velocity component [m/s] 
v Y velocity component [m/s] 
w Z velocity component [m/s] 
ȡ Density [Kg/m3] 
Ȝ Thermal conductivity [W/(m·K)] 
Ȟ Kinematic viscosity [m2/s] 
1. Introduction 
The parabolic trough solar power is the most proven and widespread technology of concentrated solar power 
(CSP), in which vacuum tubular receiver is the core component. A lot of remarkable simulations and experiments on 
the efficiency of heat collection of parabolic trough receivers (PTRs) have been studied since 1980s. In order to 
reduce the number of receiver elements needed in the lines, the heat transfer rate from external heat flux to the inner 
absorber tube should be enhanced [1]. In general, heat transfer augmentation methods are classified into three broad 
categories: active method, passive method and compound method. Active method involves some external power 
input for the heat transfer enhancement while passive method always modifies the geometry structure of the flow 
channel by incorporating inserts or additional devices. Compound method is a combination of the above two 
methods [2]. 
Nowadays, numerous passive techniques have been implemented in PTRs. Wang et al. [3] numerically 
investigated the effect of inserting metal foams in absorber tube on thermal-hydraulic performance. Super-heated 
steam is used as working fluid and the maximum Reynolds number is nearly 9u105. The Nusselt number increases 
about 5-10 times with the increase of friction factor 10-20 times and the performance criteria evaluation (PEC) range 
from 1.4 to 3.2. Cheng et al. [1] presented numerical study on heat transfer enhancement in a novel PTR, where 
longitudinal vortex generators (LVGs) are only located on the side of the absorber tube with concentrated solar 
radiation. The HTF is Syltherm 800 oil and the Reynolds number is ranged from 3.8u104 to 7u105. The thermal 
losses of the enhanced tubes can be reduced by 2.23%-13.62% compared to that of the smooth tubes. Muñoz et al. [4] 
used the computational fluid dynamics (CFD) tools to analyze the pressure losses, thermal losses, thermal-
mechanical stress and thermal fatigue of the internal finned PTRs. They estimated that the performance of a 20MW 
solar plant cooled by oil can improve about 2% if helically fined receivers can be used. Ghadirijafarbeigloo et al. [5] 
numerically investigated the thermal performance of PTCs equipped with a new perforated louvered twisted-tape. 
The results showed that the new twisted-tape can provide better thermal performance compared with traditional 
twisted-tape especially for low Reynolds number. 
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To the author’s knowledge for heat transfer enhancement of PTCs, the receiver tubes with dimples have not been 
studied, even though the advantages of this design for enhancing heat transfer have been documented in a great 
amount of papers, especially for heat transfer enhancement in the cooling passages [6,7]. All results showed that 
dimpled surface in cooling passages compared with smooth surface can enhance heat transfer accompanied with 
relative little pressure losses. Besides that, the studies on turbulent flow and heat transfer in the dimpled tubes are 
also sufficient. Rabas et al. [8] implemented the prediction algorithms based on the discrete-element method to 
determine the effect of the shape and the spacing on the efficiency index (heat transfer enhancement divided by the 
fanning friction coefficient increase) and enhancement level for helically dimpled tubes. The results indicated that 
the efficiency index ranges from 1.3 to 1.7 for water with dimples approaching half-spheres and with very close 
element spacing. Li et al. [9] numerically studied the heat transfer enhancement of dimpled tubes and the Reynolds 
number is in the range of 2000 to 11000. The results showed that the dimpled tubes have excellent heat transfer 
performance and low resistance. Bunker and Donnellan [10] conducted experiments to measure heat transfer 
coefficient and friction factor for fully developed turbulent internal flows in circular tubes with six kinds of dimpled 
surface at Reynolds number from 2u104 to 9u104. It turned out that heat transfer enhancements can reach factors of 2 
or more and the associated friction factor multipliers in the range of 4 to 6. Wang et al. [11] experimentally 
investigated the hydrodynamic and heat transfer characteristics of dimpled tubes with aligned and staggered dimple 
arrangements. The Reynolds number of air flow is from 1.6u104 to 5.4u104. The test results indicated that different 
arrangements of dimples have very little effect and the maximum of the heat transfer enhancement with the same 
penalty is about 19%. 
Vicente et al. [12] and Chen et al. [13] experimentally studied the turbulent flow and heat transfer in tubes with 
helical and aligned dimples. But actually, these “dimples” on the internal surface of tube are protuberant, which 
should be called protrusions. The results showed that the performance of heat transfer enhancement of internal 
surface with protrusions is superior to many other heat transfer enhancement methods. But they did not compare the 
performance of heat transfer enhancement between dimpled tubes and tubes with protrusions, as far as we know. 
In this paper, a three dimensional numerical model of PTRs with dimples, protrusions or helical fins has been 
established. The flow resistance and heat transfer performance are compared with each other used Therminol VP-1 
[14] at Reynolds number ranged from 1u104 to 2u104. The effects of the geometry sizes and arrangements of 
dimples on the convective heat transfer performance are further studied though performance evaluation plot of heat 
transfer enhancement techniques. 
2. Computational details 
2.1. General description of physical models 
In this study, the receiver tube of traditional LS-3 parabolic trough solar collector is adopted. The inner diameter 
Di equals 54mm and outer diameter Do equals 70mm. The tube wall is made of stainless steel. The schematic 
diagram of the parabolic trough receiver tubes with dimples, protrusions and helical fins are shown in Fig.1. 
 
 
Fig. 1. The schematic diagram of PTRs with dimples, protrusions and helical fins 
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2.2. Parameter definitions 
The parameters employed in the investigation are now described. 
The Reynolds number, Re, is given by 
Q
iin Dw  Re    (1) 
where inw  is spatially-averaged inlet velocity and Q  is the kinematic viscosity of the HTF. 
The friction factor, f, is defined using an equation of the form 
]2/1/[ 2LwpDf ini U'    (2) 
where U  is the density of the HTF, L is the tube length DQGǻSis the pressure drop from inlet to outlet 
The Nusselt number, Nu, is determined as 
)( fw
ii
TT
DqNu

 
O
   (3) 
where qi, Tw and Tf are the area-weighted average heat flux on inner wall, the area-weighted average temperature of 
internal wall and the cross-section mass-weighted average temperature of fluid, respectively, and Ȝ LV WKH WKHUPDO
conductivity of HTF. 
2.3. Governing equations 
The general governing equations for continuity, momentum, energy and turbulence models are as follows: 
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In these equations, WP  represents turbulent viscosity. P  stands for dynamic viscosity. TV is the turbulent 
Prandtl number for T . I , I*  and I6  are, respectively, the universal variable, the generalized diffusion 
coefficient and the generalized source term. In different two-equation turbulence models, the definition of I , I*  
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and I6  are various. The specific definition for N  equation, H  equation and Z  equation in different turbulence 
model can refer to [15]. The Pr is defined as 
O
QU SF 3U   (8) 
where cp is the specific heat capacity of HTF. 
2.4. Boundary conditions and fluid properties 
It is assumed that the fluid flow and heat transfer are incompressible and periodically fully-developed. So mass 
flow rate is set as initial parameter. The no-slip condition is adopted for the inner solid wall of tube. The bulk 
tempertature at inlet is 630K. The outer tube wall is heated by the non-uniform heat flux. The direct normal 
irradiance (DNI) equals 937.9W/m2. The distribution of geometric concentrating ratio (GCR) on outer wall is 
computed by Wang et al. [3] as Fig.2 shown. 

Fig. 2. The distribution of GCR on outer wall of receiver tube 
The standard Hk  model, the RNG Hk  model, the Realizable Hk  model, the standard Zk model and 
the SST Zk  model are adopted in this simulation. And enhanced wall treatment is applied to the three Hk  
turbulence model. 
The thermal oil VP-1, is adopted in this study. And the parameters of thermal-physical property are showed in 
Table 1. 
Table 1.The parameters of thermal-physical properties 
² [Kg/m3] Ȝ [W/(m·K)] Cp [J/(Kg·K)] ® [m2/s] 
709 0.078 2588 1.52u10-4 
2.5. Selection of turbulence model 
The computational costs and the prediction accuracy of the flow phenomena are the key factors needed to be 
considered when we choose a turbulence model for numerical simulation. Overall, five different turbulence models 
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are initially considered. These five turbulence models are the standard Hk  model, the RNG Hk  model, the 
Realizable Hk  model, the standard Zk model and the SST Zk  model. The governing equations are 
discretized by the finite volume method. The convective terms in governing equations for momentum and energy 
are discretized with QUICK scheme while second order upwind scheme is used for k  and H  equation. The pressure 
is discretized with the scheme of PRESTO!. The SIMPLEC algorithm is used to ensure the coupling between 
velocity and pressure. Different turbulent models with unique numerical method are used to predict turbulent flow 
and heat transfer in the dimpled channel which is experimentally investigated by Moon [16]. The simulation results 
in this part are independent on grid number. 
Table 2 shows that three Hk  turbulence models provide similar Nusselt number results approaching the 
experimental results, especially when Reynolds number is in the range of 1u104 to 2u104. The two Zk  models, 
however, give values much lower than the experimental results. Among three Hk  models, the realizable 
turbulence model gives the most accuracy results compared with other two models. 
In fact, the realizable Hk  model has been employed as the turbulence model in some studies on dimpled 
channel flow [17,18], because of its improved predictive capabilities compared to the standard Hk  model and its 
ability to resolve portions of separated flows and flows with complex secondary circulation which are located very 
close to solid wall. This model also satisfies some constraints related to the Reynolds normal stress, including 
positive normal stress magnitudes, and Schwarz’s inequality consistent with the physics of recirculating flows [17]. 
The numerical results of flow and heat transfer in smooth tube used realizable Hk  model are validated by 
Filonenko formula and Gnielinski formula. It is observed from Fig.3 that the relative error of friction factor and 
Nusselt number are less than 7.84% and 13.47%, respectively. 
So, in this study, the realizable Hk  model is selected to study the turbulent flow and heat transfer 
characteristics in receiver tube with or without heat transfer enhancement techniques. 
Table 2.Comparison numerical results of Nusselt number with experimental data 
Re Nuexp 
Standard Hk  RNG Hk  Realizable Hk  Standard ZN  SST ZN  
Nu Err(%) Nu Err(%) Nu Err(%) Nu Err(%) Nu Err(%) 
10000 64.34 65.50 1.81 68.52 6.50 64.29 -0.08 36.41 -43.41 37.42 -41.84 
19062 102.25 107.14 4.78 111.04 8.59 103.95 1.66 72.21 -29.38 69.50 -32.03 
34958 154.04 169.56 10.07 172.94 12.27 162.50 5.49 117.87 -23.48 127.24 -17.40 
65837 240.46 268.33 11.59 265.55 10.44 257.02 6.89 199.47 -17.04 207.15 -13.85 
 
 
(a)                                                           (b) 
Fig. 3. Comparison of numerical results with experimental formula for smooth tube (a) friction factor; (b) Nusselt number. 
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2.6. Grid details and grid mesh independent solutions 
The grids are generated by pre-processor-software ICEM. The structured grid is adopted for smooth tubes, while 
the grid for tubes with heat transfer enhancement structure is unstructured. The grids near the solid wall are very 
dense to ensure the near-wall y-plus value, y+, to be around or below 1, while the grid density is relatively sparse far 
from the boundary. To ensure the accuracy and validity of the numerical results, a careful check of the grid 
dependence of the numerical solutions has been carried out by considering four grid systems with large number of 
grid points, i.e., 518405 cells, 1052850 cells, 1977028 cells and 3728674 cells for case 7 at Re=2u104. The averaged 
Nusselt number and friction factor on these four grid systems are listed in Table 3. It is found that the relative 
deviations of averaged Nusselt numbers between grid 3 and grid 4 is only -0.38%. Thus, to save computer resources 
and keeping a balance between computational economy and prediction accuracy, the grid system of 1977028 cells is 
chosen for case 7. For any other cases, we used the same or more strictly parameters used in case 7. The results are 
guaranteed to be independent on grid numbers. 
Table 3. Grid independence test. 
Grid system Grid number f Nu Nu-difference,% 
Grid 1 518405 0.0599 201.28 +8.55% 
Grid 2 1052850 0.0566 187.41 +1.07% 
Grid 3 1977028 0.0562 184.72 -0.38% 
Grid 4 3728674 0.0565 185.42 Baseline 
3. Results and discussion 
The geometry sizes of the heat transfer enhanced receiver tubes studied in this paper are shown in Table 4. Case1 
and Case2 are dimpled tubes with different depth e. Case3 and Case4 are tubes with protrusions. Because the depth 
of dimples for Case1 and Case2 are same as the height of protrusions of Case3 and Case4, respectively, the heat 
transfer areas of dimpled surface are same as surface with protrusions for cases with same pitch. Case5 and Case6 
are helical fined tubes which designed by Muñoz et al [4]. Case7 to Case10 are dimpled tubes with different 
geometries and arrangements. 
Table 4. The geometric parameters of receiver tubes simulated in this study 
Case Nc Į e/Di p/ Di Case Nc Į e/Di p/ Di 
1(Dimples) 6  0.11 0.37 6(Fins) 10 25 0.03  
2(Dimples) 6  0.11 0.26 7(Dimples) 6  0.06 0.37 
3(Protrusions) 6  0.11 0.37 8(Dimples) 12  0.11 0.26 
4(Protrusions) 6  0.11 0.26 9(Dimples) 12  0.11 0.26 
5(Fins) 5 25 0.03  10(Dimples) 6 25 0.11  
The ratios of friction factor and Nusselt number of an enhanced over the referenced smooth surface, f/f0 and 
Nu/Nu0, for all cases at Re in the range of 1u104 to 2u104 are shown in Fig.4. We can learn that the ratios of friction 
factor in tubes with protrusions are much greater than those in tubes with dimples and helical fins. f/f0 for helically 
fined tubes is relative smaller than that for dimpled tubes. Nu/Nu0 for dimpled tube is greater than that for helically 
fined tubes, while Nu/Nu0 of tubes with protrusions is the greatest  
For the heat transfer enhancement, we should consider both heat transfer and flow resistance simultaneously. The 
PEC is a universal evaluation criterion which represents the comprehensive performance of a heat transfer unit, 
which is defined as [19]: 
3/1
0
0
)/(
/
ff
NuNuPEC    (11) 
 Z. Huang et al. /  Energy Procedia  69 ( 2015 )  1306 – 1316 1313
e  
(a)                                                           (b) 
Fig. 4. Comparison of Case1 to Case6 at different Re (a) f/f0; (b) Nu/Nu0. 
PEC against Re in the enhanced tubes is presented in Fig.5. We can see that the PEC of helical fined tubes are 
less than that of tubes with protrusions in most cases, especially in the range of lower Re. But as Re increasing, the 
PEC of tubes with protrusions decreased more evidently than that of helical fined tubes. So at larger Re, the PEC of 
tubes with protrusions will be lower than that of helical fined tubes. The PEC of dimpled tubes is greater than that of 
tubes with protrusions when the heat transfer area is identical. This tendency is more obvious as Re increasing. In 
any cases, the performance of dimpled tubes is better than helical fins tubes. 
 
 
Fig. 5. The values of PEC for heat transfer enhanced tubes from Case1 to Case6 
The performance evaluation plot of enhanced heat transfer techniques is redrawn at the same heat transfer rate as 
shown in Fig. 6 [20]. This plot can be divided into four regions by three lines. CQ,P=1 means pumping power is 
identical. CQ,ƸP=1 stands for the identical pressure drop. CQ,V=1 represents the identical volumetric flow rate. In 
Region 1, the increase rate of Nu/Nu0 is less than that of f/f0 , which denotes that the heat transfer is enhanced but 
without energy-saving. In Region 2, the heat transfer of the enhanced surface is more than that of the smooth surface 
for identical pumping power. In Region 3, the enhanced surface presents higher heat transfer rate than the smooth 
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surface for identical pressure drop. Region 4 denotes that the heat transfer enhancement is higher than the friction 
increase for same flow rate. Therefore, Region 4 is the most favourable region for the heat transfer enhancement and 
energy-saving, Region 3 is the second choice region, and Region 1 is the worst which should be avoided when 
designing the enhanced surface. The other major components in this plot are the lines representing the performance 
of enhanced structure, which are called the working lines. According to the above discussion, there are three kinds 
of working lines corresponding to the three constraints, respectively. For energy-saving purposes, the larger the 
slope and intercept of the working line are, the better the enhanced technique is. 
The comparisons of the performance of heat transfer enhancement from Case1 to Case6 are shown in Fig. 7. It is 
obvious that protrusions are belong to Region 2, while some cases of dimpled tubes are belong to Region 4. Others 
are in Region 3. Through the working lines which slope is same as the Region 2 and Region 3, we can find that the 
results of dimpled tubes have larger intercept than any other cases, so the dimpled tubes have the best performance. 
 
 
Fig. 6. The performance evaluation plot of enhanced heat transfer techniques oriented for energy saving. 
 
Fig. 7. The performance evaluation of PTRs with dimples, protrusions and helical fins 
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Even though the dimpled tubes have the prior performance to tubes with protrusions and helical fined tubes, we 
don’t know which kind dimpled tubes have better performance. Because the performance of dimpled tubes varied 
with the geometry sizes and arrangements, we further investigate the dimpled tube with varied dimple depth, pitch 
and numbers in circumferential. The arrangements of dimples are in line, staggered and helically. The results are 
illustrated in Fig.8. We can find that the performance is further improved with increasing the dimple depth and 
numbers. However, the performance will worsen with the increase of dimple pitch because the total numbers of 
dimples decrease within unit length. The dimple arrangements have no obvious effect on the heat transfer 
enhancement performance. 
 
 
Fig. 8. The performance evaluation of PTRs with dimples 
4. Summary and Conclusions 
In this study, a numerical simulation on the fully developed turbulent flow and heat transfer in receiver tubes with 
and without dimples, protrusions and helical fins have been investigated. The results show that: 
(1) For numerical simulation of heat transfer enhancement in a dimpled channel, the Realizable 
Hk turbulence model is more accuracy than any other two-equation model investigated in this study. 
(2) As Re varies from 1u104 to 2u104, the value of f/f0 increases 56%-77% and Nu/Nu0 increases 44%-64% for 
the dimpled tubes of Case1 and Case2. The PEC of these cases are from 1.23-1.37 which is greater than 
tubes with protrusions and helical fins. 
(3) The dimples with deeper depth, narrower pitch and more numbers in the circumferential direction is benefit 
for improving the performance of heat transfer enhancement while the dimple arrangements have no obvious 
influence. So the Case9 have better performance than any other dimpled tubes which have been simulated. 
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